In this paper we present an overview of the experimental work carried out as part of research geared towards the understanding of two-phase flow in microchannels. The greater scope of the project is to use the knowledge gained towards the development of strategies to improve water management in fuel cell applications. We have conducted pressure versus flow rate experiments in microchannels with contrasting hydrophobic characteristics and under different liquid water injection conditions. These measurements have been complemented with flow visualization studies using white light and fluorescence.
INTRODUCTION
In the past two decades, environmental concerns and stronger emission regulations have led to a renewed interest in Proton Exchange Membrane Fuel Cells (PEMFC). Performance gains in PEMFC can be attained by utilizing microchannels (0.05 -1 mm) to improve gas routing [1] . However, they complicate water management particularly in terms of flooding.
The complexities of water management have been previously investigated [2] [3] [4] . However, most studies have focused on the issue of water flow and transport only in the Membrane Electrode Assembly (MEA) and Gas Diffusion Layer (GDL). Very few studies have been directed towards understanding of the flow behavior in the microchannels, and most are theoretical or computational in nature [5, 6] . Experimental work related to two-phase flow in fuel cell channels is limited and relates mainly to minichannels (mm size) [7] and direct methanol fuel cell systems, with low void fractions [8] .
On the other hand, two-phase flow in microchannels has been extensively investigated in the past. A generalized search on the topic would return thousands of manuscripts. There are conferences specialized on the topic of fluid flow in micro and minichannels and two-phase flow constitutes a leading topic [9] . Of particular interest has been the study of two-phase flow in microchannels due to heat transfer (boiling and condensation) [10] [11] [12] . Previous studies have emphasized flow regime characterization, void fraction and pressure drop measurements [13] [14] [15] . Furthermore, in most of these studies the test sections are far downstream of the mixing region and are only concerned with the generalized behavior of the fully developed flow. Likewise, very few studies have looked at the effects of surface tension, and very rarely for gas-liquid flows [16, 17] . Thus, there exists an urgent need for a detailed study of two-phase flow and water transport interactions in mixed surface energy conditions, such as is the case of microchannels in contact with the GDL in fuel cells.
The current work focuses on the experimental investigation and visualization of mass transport induced two-phase flow in microchannels. A series of microchannels with water injection slots in the side walls are used for these purposes. These structures were microfabricated by plasma etching microtrenches in silicon and covering them with pyrex glass as per previous work by Zhang et al. [10] . Our approach is to simulate and investigate the water entrainment effects and developing mechanics of the two-phases. Water injection occurs at the test section as part of our study.
Among the parameters investigated in this work are the effects of water injection in the flow rate-pressure drop relationship. We also look at how hydrophobicity influences the behavior of the flow structure and its correlation to friction factor. One of the key components of the work is the visualization of the two-phase flow structure. This is accomplished through white light microscopy and fluorescence.
This work serves as a foundation for the understanding of two-phase flow and water transport in microchannels. It will facilitate successful implementation of microchannels and associated water management strategies in PEMFC, key factors in achieving the improvements and much needed gains in the performance of these devices.
MICROFABRICATION
Testing revolves around a microfabricated test structure that can simulate the introduction of water into PEMFC microchannels. The structures consist of a separated gas microchannel and a water reservoir connected by side slots, allowing for distributed water injection. Figure 1 shows the general layout of the test structures and three specific examples of test structures with different water injection geometries. Air is flown through the 500 µm wide U-shaped channel while water is introduced through the channel perpendicular to it. The microfabrication process utilizes a plasma etching process known as Deep Reactive Ion Etching (DRIE) to carve out the air and water injection channels in a silicon wafer substrate. DRIE is also used to create thru holes in the silicon substrate that serve as inlets and outlet for the fluids. A glass cover is anodically bonded to the silicon wafer substrate to allow visualization of the flow and to seal the structure. Figure  2 depicts the microfabrication process flow in detail. Channel depth is controlled by the etching time and currently set at a nominal value of 50 µm. The actual depth of the channels might deviate from this number due to inaccuracies of the DRIE process (actual depths to be obtained with a Zygo ® interferometric tool).
We are currently working on test structures with integrated heaters and thermistors. These are to be microfabricated out of thin aluminum deposited in the back surface of the chips. The heaters work on Joule heating, while temperature sensing is achieved by monitoring changes in resistance with temperature. 
EXPERIMENTAL SETUP
The experimental setup is composed of the flow metering/control and optical visualization instrumentation. Figure 3 shows a schematic of the setup. Labview is used to control three types of devices using GPIB and serial connections. The building air supply is used as the source of compressed air. Pressure control is achieved with the use of a current operated pressure regulator (ControlAir Type-500X). A triple output power supply is used to precisely control the current. The control program continuously monitors and adjusts this pressure. Oil and particle filters are placed in the line after the pressure regulator. The flow conditions downstream of the filters (upstream of the test chip) are monitored using an Omega mass and volumetric flow meter (model FMA-1600). The flow meter outputs include temperature, absolute pressure, volumetric flow rate, and mass flow rate.
The pressure drop across the channel is monitored with a differential diaphragm pressure transducer (Validyne DP15TL Figure 4 shows a schematic of the microscope configuration in fluorescence mode. 
PRESSURE-FLOW RELATIONSHIPS
We have investigated experimentally the effects that the introduction of liquid water has on the air flow behavior. This behavior was characterized in terms of flow rates versus pressure drop relationships.
Experimental results were compared against numerical solutions derived using a 1D homogeneous flow model developed within the group [18] .
Flow rates versus pressure drop measurements under different water injection conditions were performed in microchannels with hydrophilic and hydrophobic wall conditions. Our test samples are hydrophilic in nature due to the native oxide layer that grows on top of the silicon. Test samples treated with a Molecular Vapor Deposition (MVD) process by Applied MicroStructures (AMS), Inc. are rendered hydrophobic with a measured contact angle of 108°.
The intrinsic nature of the probing arrangement in our experimental setup requires performing a correction of the raw data in order to assess conditions at the microchannel from our actual pressure and flow rate measurements. As depicted in Figure 5 there are 4 important locations in our experimental setup: (1) inlet port, (2) microchannel inlet, (3) microchannel outlet or exit, and (4) outlet port. Our current setup allows us to monitor and record conditions at locations (1) and (4) . However, what we are really interested in are the flow properties at locations (2) and (3). Therefore, we need to extrapolate these values from our measurements.
We assume incompressible-isentropic flow conditions to extrapolate the flow properties at location (2) from those measured at location (1), and likewise for the flow properties at location (3) from those at location (4). The two main presumptions here are that the density of the fluid remains constant and that there are no pressure losses as the flow goes through a sudden contraction at the inlet and a sudden expansion at the exit. For the conditions tested here the error introduced by these assumptions is less than 1% for either microchannel inlet velocity or pressure drop. Notice that under these test conditions compressible flow effects are noticeable but not substantial, as is depicted by the slightly non-linear relationship between volume flow rate and pressure drop. At first glance it also appears that the water injection rates have little, if any, effect on the flows. Closer inspection and comparison between the two graphs reveals that the effects of water injection on air flow rate are somewhat noticeable for the hydrophobic chip, especially at lower pressure drops. This becomes more evident by looking at plots of the friction factor relation (for laminar flow conditions, which is the situation in this case) proportionality constant, C, which is commonly referred to as the f-Re value. Figures 8 and 9 show plots of the computed f-Re values as a function of pressure drops, corresponding to the flow data of Figures 3 and 4 , respectively. The f-Re value is determined from the experimental measurements using the following relationships [19] : 
Notice from equation (1) that the incompressible-isentropic assumption at the expansion/contraction of the inlet/outlet ports means that the total pressure drop measured between locations (1) and (4) is equal to the frictional pressure drop in the microchannel, between locations (2) In general, our computed baseline f-Re values are higher than those predicted by theory for fully developed single phase flow in rectangular channels of aspect ratio 10:1, which is 85. Several factors contribute to this discrepancy including entrance length effects and the bends in U-shape among others, all of which lead to higher effective f-Re values [20] .
However, the most significant factor is the uncertainty in the actual depth of the channels. All our calculations are based on nominal microchannels dimensions. Whereas there is a high degree of certainty in the width of the microchannel, as it is in the plane of observation and has been readily measured, that is Despite the discrepancy between computed and theoretical f-Re values, our results are consistent between different test structures of same nominal microchannel dimensions (all samples where microfabricated in the same batch). Thus, we are fairly confident on the validity of the qualitative nature of our results (any error is systematic). In that sense, and as expected, the f-Re value remains relatively constant throughout the range of pressure drops, especially towards the higher values and in particular for the hydrophilic channel. At the lower pressure drops the f-Re values are higher, especially for the hydrophobic channel and under water injection conditions.
At low pressure drops the air flow velocities are relatively small allowing for water to fill a good portion of the channel and obstruct the flow of air, effectively increasing the "apparent" friction of the flow (lower air flow rate). This phenomena is more noticeable in the hydrophobic case since the water forms slugs (unlike a film in the hydrophilic case) that block a greater portion of the cross sectional area of the channel and severely impede the flow of air. This will become more apparent in the next section where we discuss our flow visualization experiments on both types of microchannels.
The effects of liquid water injection can be further appreciated, in specific for hydrophilic channels, under higher water injection rates. Figure 10 and 11 show experimental data along with numerical calculations using the 1D homogeneous flow model for inlet velocity (equivalent to volumetric flow rate) as a function of pressure drop under water injection rates of 0, 1, 5 and 100 µL/min (corresponding to current densities of 0, 0.375, 1.875 and 37.5 A/cm 2 , respectively; λ ranges are 5.0-50 and 1.0-10 for the 0.375 and 1.875 A/cm 2 values, respectively, while for the value of 37.5 A/cm 2 the stoichiometry is well below 1). The experimental data corresponds to tests conducted on a hydrophilic chip with same nominal air channel dimensions as the previous ones. Tests were conducted under inlet pressure conditions of 2 and 3 Atm, absolute. Several things can be appreciated from these plots.
The first thing to notice is that inlet pressure conditions have negligible effects in the behavior of the flows for the range of pressure drops investigated. This, along with the quasi-linear relationship between velocity and pressure drop, connotes a flow that behaves in an incompressible manner despite substantial changes in density (notice, for example, that at a pressure drop of 1 Atm, the density drops by 50% and 33% from inlet to outlet, for inlet conditions of 2 and 3 Atm, respectively; likewise there is a factor of 2 difference between the outlet densities for these two inlet conditions).
Second, only under the extreme (and unrealistic in terms of actual fuel cell operation) conditions of 100 µL/min does the liquid water injection have an effect on the flow, increasing the pressure drop required for a given flow rate. At this level of water injection there is enough water filling the channel to substantially affect or restrict the air flow. It should also be noticed that for low pressure drops the inlet velocities are negative. This backflow of the air is a consequence of channel plugging with water (this plugging becomes more evident from our visualization work, as we describe later on the next section). This phenomenon can be understood as follows: the plugging of the channel induces the incoming air flow to decelerate and stagnate at the front edge of the plug, leading to increases in static pressure conditions. From the point of view of the water plug (and channel) the air stagnation at the front edge of the plug leads to a favorable pressure gradient, which can lead to downstream flow of the water and eventual clearing of the plug. However, upstream of the water plug (and channel), the stagnation conditions have led to an adverse pressure gradient, as seen by the incoming air, which leads to the upstream air flow or backflow.
Finally, the 1D homogeneous flow model seems to overestimate the pressure drop required for a given flow rate (inlet velocity). This is because the homogeneous assumption implies uniform mixing of the phases and therefore that the injected water is fully accelerated towards the air velocity. This leads to larger momentum and frictional pressure drop contributions from the liquid water than there really are. In reality, air and water are fully separated in a stratified flow arrangement and flow at different rates with the water moving substantially slower than the air. The increase in pressure drop stems mainly from the reduced "effective" cross sectional area that is available for the air flow when water is introduced. 
FLOW VISUALIZATION STUDIES
We conducted white light flow visualization studies on both hydrophilic and hydrophobic test samples. As mentioned before, our test samples are intrinsically hydrophilic due to the native oxide layer that grows on the surface of silicon. To achieve hydrophobic conditions our test samples must be treated with a MVD process developed by AMS, Inc. This process is done offsite at AMS and produces hydrophobic samples with measured contact angles of 108°. Figure 12 shows white light micrographs of the hydrophilic channel under water injection conditions of 100 µL/min for two different pressure drops and inlet pressure conditions. From these images it is evident that the flow structure is mostly governed by the pressure drop and not so much by the actual inlet pressure value. Note that for the low pressure drop conditions there is substantial flooding of the channel which leads to plugging and backflow of the air, as indicated in the previous section. Under high pressure drop conditions, the water is confined to a relatively thin and un-perturbing film. This type of flow can be classified as stratified. This same condition is observed even at low pressure drops for the water injection rates of 1 and 5 µL/min, albeit with much thinner films. This explains why the introduction of the water has minimal effects on the air flow behavior in the hydrophilic sample. Only at high water injection rates is the film thick enough to obstruct air flow and induce larger pressure drops.
Figure 12:
Hydrophilic sample white light flow visualization.
In contrast, Figure 13 shows white light images taken in a hydrophobic channel under water injection conditions of 50 µL/min. The sequence of pictures corresponds to changing pressure drop and flow rate conditions. The hydrophobic conditions lead to the formation of liquid water blobs. This is akin to a slug flow. Compared with the relatively thin films formed under hydrophilic conditions, these blobs fill a large portion of the channel and substantially impede the flow of air. Henceforth the larger increase in apparent f-Re values at lower pressure drops for the hydrophobic sample, as discussed in the previous section.
In addition to white light imaging of the flows we use fluorescence visualization techniques to improve the quantitative information that can be extracted from of our images. One of our approaches involves using fluorescence in our hydrophilic sample experiments in order to sharply delineate the film extent in the plane of the images for accurate film thickness measurement purposes.
In short, fluorescence is a photoluminescence process by which a fluorophore molecule (fluorescent dye) absorbs light of certain wavelength (color) and subsequently emits light of longer wavelength (lower energy) [21] . This difference in color between the absorbed (exciting) and emitted light allows for very distinctive imaging since the fluorescence becomes a tracer.
By mixing the water with a fluorescent dye (Fluorescein) and using appropriate optics, we can separate the excited light from the emitted light and further isolate it through filters in order to properly track where the water is. Figure 14 shows a water film imaged with (a) white light and (b) fluorescence. The air-water and water-channel interfaces are clearer and more distinguishable in the fluorescence image. This clarity allows accurate quantitative measurements of the film extent in the plane of the image by counting the number of pixels brightened by fluorescence. The pixels are counted according to whether they exceed certain threshold brightness.
Figure 13:
Hydrophobic sample white light flow visualization.
Figure 14:
Comparison of (a) white light and (b) fluorescence imaging of the water film in the microchannel.
The flow images obtained in the microchannels did not always exhibit a binary relationship between the edge of the film and the intensity of the fluorescence. In fact, as Figure 15 indicates, the flow image often contained a high intensity region, a lower intensity region, and a black region. This characteristic may indicate the presence of a meniscus on the fluid, if is it in contact with the sides of the channel. In this illustration, the high threshold value would only recognize fluorescence from the film of high intensity, near its maximum value. The low threshold value counts those pixels that have much lower intensities. This discrepancy may offer some insight into the possible shape of the film in the direction perpendicular to the page as illustrated on the right hand side of Figure 15 . Figure 16 shows the results of the analysis described above for a single water injection rate subjected to two different air velocities. The injection slot is located between 115 and 135 µm (20 µm slot) in this figure. As expected, for a given water injection rate film thickness decreases with increasing pressure drop (air flow rate). This was a common trend in all cases, as will be shown in Figures 17 and 18 .
An interesting trend was observed in the disparity between high and low threshold film thicknesses measurements. As the air flow rates increased, the separation between the film thicknesses determined with the high and low threshold intensities also increased. The diagrams on the right hand side of Figure 16 depict a plausible explanation for this phenomenon, where the air at higher flow rates is able to press the water into a more annular shape because of its increased inertia. At lower air flow rates, the annularity decreases. The actual shapes cannot be determined from the data available with the current setup. This phenomenon will be further analyzed by making film depth measurements based on the actual fluorescence intensity values [21, 22] . Figure 17 is a compilation of the film thickness data obtained over a series of runs. The data is plotted as a function of the pressure drop across the channel, which is proportional to the air inlet velocity. Figure 18 shows the same data for a high water injection rate of 100 µl/min. Again, the same trends are observed. 
SUMMARY AND CONCLUSIONS
We have presented work aimed towards the understanding of two-phase flow in microchannels as it applies to fuel cells. Our studies center around the effects that water injection has on the flow behavior, particularly in terms of the pressure-flow rate relationships and friction factor. For these purposes we have microfabricated novel test structures that allow distributed water injection into the microchannel.
Tests were performed on hydrophilic and hydrophobic samples under different water injection conditions ranging from 1-100 µL/min. Pressure and volumetric/mass air flow rate measurements were taken in conjunction with visualization of the flow structure, using both white light and fluorescence imaging. It was found that under hydrophobic conditions water has a substantial resistance effect at low flow rates. This is due to the formation of slugs or blobs that fill a substantial portion of the microchannel cross section and act as a blockage to the flow of air. Under hydrophilic conditions the flow settles into a stratified arrangement with the injected water forming a thin film of liquid on the microchannel wall and the air flowing over it. Only under high water flow rates (≥ 100 µL/min) does the liquid film formed imposes a substantial restriction to the air flow that would be reflected on an increase of pressure drop. We continue to improve our experimental setup to further extend our data gathering capabilities and to closer replicate actual fuel cell operating conditions. A humidification system is being put into place and new structures with integrated temperature and pressure sensing capabilities throughout the channel are in progress.
